Abstract. We present two case studies of specific flow channel events appearing at the dusk and/or dawn polar cap boundary during passage at Earth of interplanetary (IP) coronal mass ejections (ICMEs) on 10 January and 25 July 2004. The channels of enhanced (>1 km/s) antisunward convection are documented by SuperDARN radars and dawn-dusk crossings of the polar cap by the DMSP F13 satellite. The relationship with Birkeland currents (C1-C2) located poleward of the traditional R1-R2 currents is demonstrated. The convection events are manifest in ground magnetic deflections obtained from the IMAGE (International Monitor for Auroral Geomagnetic Effects) Svalbard chain of ground magnetometer stations located within 71-76 • MLAT. By combining the ionospheric convection data and the ground magnetograms we are able to study the temporal behaviour of the convection events. In the two ICME case studies the convection events belong to two different categories, i.e., directly driven and spontaneous events. In the 10 January case two sharp southward turnings of the ICME magnetic field excited corresponding convection events as detected by IMAGE and SuperDARN. We use this case to determine the ground magnetic signature of enhanced flow channel events (the NHdusk/B y < 0 variant). In the 25 July case a several-hour-long interval of steady southwest ICME field (B z < 0; B y < 0) gave rise to a long series of spontaneous convection events as detected by IMAGE when the ground stations swept through the 12:00-18:00 MLT sector. From the ground-satellite conjunction on 25 July we infer the pulsed nature of the polar cap ionospheric flow channel events in this case. The typical duration of these convection enhancements in the polar cap is 10 min.
Introduction
In previous studies we documented the presence of a channel of enhanced (1-3 km/s) antisunward ionospheric convection appearing at the dawn and/or dusk sides of the polar cap, its location depending on the IMF orientation (see Sandholt and Farrugia, 2009 , and references therein). When sorted by hemisphere (north or south), side of the polar cap (dawn and/or dusk), IMF B y polarity, and clock angle range, five convection configurations in the polar cap involving this flow feature, which we call FC 2, have been identified: (i) NHdawn/B y > 0, (ii) SH-dusk/B y > 0, (iii) NH-dusk/B y < 0, (iv) SH-dawn/B y < 0, and (v) (dawn + dusk)/B z -dominated (|B y |/|B z | < 1; clock angle >135 • ).
This category of flow channel should be distinguished from the flow excited in association with newly open magnetic field lines (called here FC 1) and which is accompanied by dynamic auroral emissions in the cusp region (see e.g. Sandholt et al., 1990; Pinnock et al., 1993, and Provan et al., 1999) . The flow channel we call FC 2 is observed on the downstream side of the cusp, accompanied by polar rain precipitation. Key FC 2 properties are: (i) a ∼200-300 km wide channel of enhanced antisunward flow (ion drift speeds larger than in the central polar cap) located immediately poleward of the oval aurora (plasma sheet precipitation) at ∼06:00-09:00/15:00-18:00 MLTs, (ii) in association with a system of outward-inward directed Birkeland currents located poleward of the traditional R1-R2 currents via their Pedersen current closure in the ionosphere.
In Sandholt et al. (2010) we reported one case showing the presence of a series of 5-10-min-long negative X-component magnetic deflections detected at ground stations located underneath the FC 2 flow channel of type NH-dusk/B y < 0. This led us to speculate that the ionospheric ion flow was also pulsed in this case and possibly related to flux transfer events (FTEs), i.e., momentum transfer in a later stage of the evolution of field lines previously opened by pulsed magnetopause reconnection. In an earlier paper we also discussed Published by Copernicus Publications on behalf of the European Geosciences Union. 2016 P. E. Sandholt et al.: Polar cap flow channel events: spontaneous and driven responses this possibility from a different perspective, i.e., high-altitude magnetospheric plasma and magnetic field observations from Cluster (Farrugia et al., 2004) . In the present study we shall explore the temporal variability of flow channel FC 2 (NHdusk/B y < 0) from the ionospheric perspective further. The following approach is adopted. We selected two categories of events: (i) those "directly driven" by southward turnings of the interplanetary magnetic field (IMF), i.e., the IMF turns south and, after an appropriate time delay for propagation, the flow channel is observed; (ii) "spontaneous" events occurring during periods of stable southward-directed magnetic field outside the magnetosphere, i.e., IMF B z is uninterruptedly negative for a long time spell, and during this time the flow channel is intermittently excited. From category (i) we determine the correspondence between discrete convection enhancements (Greenwald et al., 1999) and ground magnetic deflections at magnetometer stations in the polar cap. Then we shall apply this information to document the presence of a series of ∼10-min-long convection enhancements during intervals of quasi-stable magnetic field conditions in interplanetary coronal mass ejections (ICME) at the time of their Earth passage (the "spontaneous events"; see e.g. Sandholt and Farrugia, 2006) . Intervals of ICME passage at Earth were selected because of the strong and ordered forcing of the magnetosphere which occur in such cases (Burlaga et al., 1981; Farrugia et al., 1998) .
Magnetograms from the high-latitude (71-76 • MLAT) magnetometer stations on Svalbard (IMAGE chain; http: //www.geo.fmi.fi/image) are combined with ionospheric ion drift observations in the same magnetic local time -magnetic latitude (MLT/MLAT) sector obtained by ground-based radars of the SuperDARN network (Greenwald et al., 1995) and from satellite DMSP F13 (see e.g. Hairston et al., 1998) . By using ground -satellite conjunctions we are able to document the different ion drift signatures observed in the different phases (maximum and recovery) of the ground magnetic deflection events. In this way we are able to establish the detailed correspondence between the temporal evolution of the ionospheric ion drift events in flow channel FC 2 and the magnetic deflections detected at ground stations underneath the ionospheric flow feature. Thus, we shall take advantage of the ability of continuous ground observations of magnetic deflections to monitor the temporal variability of ionospheric Hall currents.
Data description
As indicated already in the title of the paper we report two categories of events, i.e., those "directly driven" by southward turnings of the external magnetic field (IMF or the ICME field during Earth passage) and those occurring during steady external field conditions (the "spontaneous" events). In case 1 (10 January 2004) we shall focus on "directly driven" events, which was observed when the magnetic field Greenwald et al., 2002) . Trajectories of satellites DMSP F13 and F15 which crossed through flow channels FC 2 and FC 1, respectively, have been marked in the figure. of the ICME was southwest-directed (B z < 0; B y < 0) and B y -dominated (|B z /B y | < 1). In the second case (25 July 2004) we report "spontaneous" events when the magnetic field of the ICME was southwest-directed (B z < 0; B y < 0) and B z -dominated (|B z /B y | > 1).
Background on FC 2 of type NH-dusk/B y < 0
In our case 1 we shall discuss the variant of flow channel FC 2 which is found on old open field lines in the dusk side convection cell of the Northern Hemisphere during negative IMF B y conditions, which we refer to as NH-dusk/B y < 0 (Sandholt and Farrugia, 2009) . Figure 1 is an introduction to this convection feature schematically placed in the context of the Dungey convection cells. Flow channels FC 1 and FC 2 have been marked by bold arrows in the sectors of the convection cells they lie in. This figure refers to the IMF conditions discussed in case 1 of this paper (southwestdirected: B z < 0; B y < 0; |B z /B y | < 1). The flow lines drawn in this figure is an extract of the traditional convection pattern as inferred from SuperDARN radar observations during an extended 5-h interval of quasi-stationary southwest-directed (B z < 0; B y < 0) IMF orientation on 16 December 1997 (see Fig. 2 in Greenwald et al. (2002) ). Below we shall discuss the spatial-temporal structure of the NH-dusk/B y < 0 variant of FC 2 based on combined SuperDARN and ground magnetic observations on 10 January 2004. Interplanetary plasma and field data obtained from spacecraft ACE during the interval 10:00-24:00 UT on 10 January 2004: proton density, bulk speed, and temperature (in red: expected temperatures for normal solar wind expansion after Lopez, 1986 ), the alpha-particle-to-proton number density ratios, the dynamic pressure, the components of the magnetic field in GSM coordinates, and the total field strength, the proton plasma beta and the clock angle of the magnetic field.
On 10 January 2004 (our case) the presence of flow channel FC 1 in the morning cell as well as the indicated flow characteristics of the dusk cell (in the 20:00-21:00 MLT sector) are documented by ion drift data obtained during a passage of satellite DMSP F15 from pre-midnight to pre-noon (as marked in the figure) in the interval 15:57-16:27 UT (data not shown). The dusk-to-dawn crossing of satellite DMSP F13 also marked in the figure documented the presence of flow channel FC 2 (data not shown).
Case 1: 10 January 2004 ("directly driven" response)
For the interval 10:00-24:00 UT, Fig. 2 shows solar wind and magnetic field data obtained by the ACE spacecraft on 10 January 2004. From top to bottom, the panels show the proton density, bulk speed, and temperature (in red: expected temperature after Lopez and Freeman, 1986 ), the alphaparticle-to-proton number density ratios, the dynamic pressure, the components of the magnetic field in GSM coordinates, and the total field strength, the proton plasma beta and the clock angle of the magnetic field (i.e., the polar angle in the GSM Y Z plane). The expected temperature in panel 3 was derived by Lopez and Freeman (1986) (see also Lopez, 1987 ) from a statistical examination of Helios 1 data which resulted in a relationship between the temperature (T ) and velocity (V ) of the solar wind. During the interval studied, ACE was orbiting the lagrangian L1 point. Its average distance from the Sun-Earth line is ∼43 R E . Studies on the correlation length of IMF and solar wind parameters give a correlation length of order 40-70 R E in the Y-direction (Crooker et al., 1982; Richardson and Paularena, 2001 ). However, for ICMEs the correlation lengths extend to at least 200 R E (Farrugia et al., 2005) . So the measurements at ACE should give the parameters affecting the magnetosphere, when properly time lagged.
We shall focus on the interval 13:00-18:00 UT, representing the leading edge of the magnetic cloud and note the following features: (i) sharp southward turnings of the magnetic field at 13:00 and 13:50 UT (vertical guidelines), (ii) stable south-west (B z = −4 to −5 nT; B y = −7 to −10 nT) directed field during the rest of the interval (clock angle increasing from 120 to 160 • ), (iii) low plasma density (∼1 cm −3 ) and dynamic pressure (<1 nPa) during the sub-interval 14:00-18:00 UT. At 10:00 UT ACE is at (233, −37, 220) R E . With a convection speed of ∼525 km/s, we estimate a delay of ∼47 min for the IP disturbances to reach the subsolar magnetopause. To this must be added a few minutes to account of (1) the slower propoagation speed in the magnetosheath and (2) intrinsic response times of the magnetosphere-ionosphere system. By comparison with the ACE plot in Fig. 2 we identify the convection bays initiated at ∼14:00 UT and 14:50 UT as "directly driven" by the two sharp southward turnings of the magnetic field recorded by ACE at 13:00 and 13:50 UT. It is well known that such southward turnings of the IMF give rise to convection enhancements (Greenwald et al., 1999) .
Next we shall show a spatial plot of plasma convection in the postnoon sector (including the Svalbard area) as obtained by SuperDARN radars in Finland, Iceland and Canada at 14:10-14:12 UT, representing the maximum phase of the magnetic deflection event. This allows us to relate the ground magnetic deflections shown in Fig. 3 to the local plasma convection configuration. In this way we shall demonstrate the association between the negative H-deflection during the interval 14:08-14:15 UT (maximum phase) and the enhanced antisunward flow in the FC 2 channel as indicated in Fig. 4 . The poleward propagating positive deflection occurring ahead of the negative excursion (observed during the interval 13:50-14:00 UT) reflects the activation of flow channel FC 1 (see the schematic illustration in Fig. 1 ). This flow feature (FC 1 event) is accompanied by poleward moving auroral forms (PMAFs), as demonstrated in Sandholt et al. (1990) and Øieroset et al. (1997) . Figure 4 shows a spatial plot of plasma convection recorded during the 2-min scan from 14:10-14:12 UT. We shall focus on the convection pattern in the postnoon sector (to the left) consisting of a crescent-shaped cell, as is appropriate for the prevailing southwest-directed magnetic field detected by ACE. A channel of ≥1 km/s antisunward convection is seen in the 15:00-17:00 MLT/75-78 • MLAT sector. This is our flow channel FC 2. It is the convection response to the first southward turning (detected by ACE at 13:00 UT) and the cause, through the associated Hall currents, of the the negative H-component magnetic deflections detected at the Svalbard ground stations HOR-LYR-NAL (74-76 • MLAT) beneath the flow channel as documented in Fig. 3 . The flow channel is located in a sector with sunlit ionosphere (see the terminator location). From Figs. 2, 3 and 4 we may infer a 15 min long (14:05-14:20 UT) FC 2 convection event which is "directly driven" by the south-west directed ICME magnetic field detected by ACE during the interval 13:05-13:20 UT.
Background on FC 2 of type NH-(dawn + dusk)/ B z -dominated
Figure 5 is an introduction to our case 2 observations illustrating the average (background) convection pattern (the flow lines) at 10:40 (top panel) and 12:20 UT on 25 July 2004 corresponding to the prevailing ICME magnetic field conditions (B z -dominated), according to the APL-model as described by Ruohoniemi and Baker (1998) . The two DMSP F13 passes discussed in this case have been marked in the figure. We also added bold arrows to indicate the position of flow channels FC 2 as detected by DMSP F13 during these passes, i.e., on the dusk side at 10:42 UT (top panel) and on the dawn side at 12:30 UT. The variant of FC 2 observed on this day (present on both sides of the polar cap during |B z /B y | > 1 conditions) is that we refer to as FC 2 of type NH-(dawn + dusk)/B z -dominated. Figure 6 shows plasma and magnetic field data obtained from spacecraft Wind during the interval 08:00-16:00 UT on 25 July 2004. The format is the same as that of Fig. 2 . The average Wind location was (261, −1, 18) R E (GSE coordinates). We shall direct attention to the relatively stable magnetic field conditions prevailing during the interval 08:00-15:00 UT, despite the field and flow discontinuity at ∼12:00 UT. The field is strong (15-25 nT), directed southwest (B z = −10 to −20 nT; B y = −10 to −20 nT). The clock angle varies slowly between 120-160 • . The speed is high (within 500-700 km/s), while the plasma density changes between low values (1-2 cm −3 ) during 08:00-12:00 UT and higher values (10 cm −3 ) during 12:00-14:00 UT. Figure 7 shows H-component magnetograms from IM-AGE Svalbard stations for the interval 08:00-16:00 UT when these stations swept through the 11:00-19:00 MLT sector. Times of ground-satellite conjunctions at station Ny Alesund (NAL) are marked by vertical guidelines at 10:43 and 12:24 UT. At these times satellite DMSP F13 observed cross-track ion drifts and particle precipitation above Svalbard during polar cap crossings from dusk to dawn. These ground-satellite conjunctions allow us to relate the ground magnetic deflection events to the configurations of plasma convection, precipitation and Birkeland currents in the dusk sector of the polar cap.
Case 2: 25 July 2004 ("spontaneous" response)
Increasing negative H-component deflection is observed at all three stations during the interval 08:00-14:00 UT (11:00-17:00 MLT). Superimposed on this general trend is a series short-lived (10-15 min) negative deflections. We shall focus on the two deflection events marked by vertical guidelines that appeared when ground-satellite conjunctions took place. The conjunctions at 10:43 and 12:24 UT occurred in the maximum and recovery phases, respectively, of the two similar deflection events. The magnetic deflection event centered at 12:20 UT shows a sharp onset at 12:13 UT (occurring simultaneously at all three stations spanning the latitude range 74-76 • MLAT) and recovery from 12:23 UT onwards. The amplitude of this deflection event is somewhat larger (∼100 nT) than the 10:43 UT event (∼50 nT).
By comparison with the satellite data obtained during these DMSP F13-Svalbard conjunctions we shall be able to determine the correspondence between the magnetic deflection and the ion drift events and thereby to estimate the duration of the two flow channel events (FC 2), as indicated in the figure.
We note that the positive H-deflections appearing ahead of the negative excursions most likely reflect the FC 1 flow channel (see the illustration in Fig. 1 ). The association between the FC 1 magnetic signature and poleward moving auroral forms (PMAFs) has been documented in Sandholt et al. (1990) and Øieroset et al. (1997) . (inward-directed) and C2 (outward-directed) during the interval 10:39-10:43 UT are indicated along the track in the top panel.
In the bottom panel we marked the satellite entry into the polar cap on the dusk side at 12:20 UT and the exit on the dawn side at 12:36 UT. The satellite crossed over ground station NAL at 12:23-12:24 UT. We shall focus on this ground-satellite conjunction. Four different precipitationconvection-Birkeland current regimes are marked on the dawn side of the polar cap. Figure 9 shows cross-track ion drifts during the same dusk-dawn crossings of the polar cap shown in Fig. 8 (compared to the deflections at the higher-latitude stations LYR and NAL) at this time occurring at the southernmost station HOR (see Fig. 7 ). The lower panel shows the cross-track ion drifts during the pass centered at 12:27 UT. The satellite reached the latitude of ground station NAL (the closest station) at 12:23-12:24 UT (see Fig. 8 ). At this time the H-component trace at NAL (and LYR and HOR) had started to recover after a negative deflection event (see Fig. 7 ).
This pass is characterized by the following flow features in the polar cap: (i) the total absence of FC 2 flow channel on the dusk side (the background level of antisunward flow speeds within 70-80 MLAT is ≤0.4 km/s); (ii) the presence of flow channel FC 2 on the dawn side (see the V-shaped cross-track drift profile).
In Fig. 10 we shall focus on electron precipitation (top panel), cross track ion drift (violet trace in third panel), and the B z component (east-west; green trace in bottom panel) magnetic deflection. The satellite track is that shown in the top panels of Figs. 8 and 9 .
We subdivided the precipitation/convection/Birkeland current configuration in the dusk side traversal of the oval/polar cap in the following regimes: (1) central polar cap with antisunward convection and polar rain precipitation; (2) flow channel FC 2 and polar rain precipitation, inward-directed C1 Birkeland current (positive B z -gradient); (3) plasma sheet, antisunward convection, outward-directed C2 Birkeland current (negative B z -gradient); (4) reduced plasma sheet, slow antisunward convection; (5) plasma sheet, sunward convection, and outward-directed R1 Birkeland current (negative B z -gradient). Flow channel FC 2 (NH-dusk/B y < 0) and the associated Birkeland current system (C1-C2) are clearly absent on the dusk side at this time. The level of antisunward convection on the poleward side of the oval aurora (plasma sheet precipitation) is very weak (∼0.3 km/s). This is the state of background convection in the duskside polar cap corresponding to the decreasing phase of the magnetic deflection event detected by IMAGE from 12:23 UT onwards (see Fig. 7 ). Thus in this case we may infer the duration of the flow channel event to be 10 min (12:13-12:23 UT).
On the dawn side we notice the following regimes (delimited by vertical guidelines): (1) central polar cap with antisunward convection (V HORZ < 1 km/s) and polar rain precipitation; (2) enhanced antisunward convection (V HORZ > 1 km/s) and outward-directed C1 Birkeland current (negative B z -gradient); (3) antisunward convection and inwarddirected C2 Birkeland current (positive B z -gradient); (4) sunward convection and inward-directed R1 Birkeland current (positive B z -gradient); (5) plasma sheet precipitation and outward-directed R2 Birkeland current (negative B zgradient).
Regimes 2 and 3 (poleward part where V i ≥ 1 km/s) on the dawn side do satisfy our criteria for an FC 2 flow channel (marked by horizontal double-arrowed line in panel 4).
Summary and conclusions
We reported ion drift features (flow channel FC 2) and associated ground magnetic deflections in the postnoon-dusk sector of the Northern Hemisphere polar cap during Earth passage of two ICMEs in 2004. The ground-satellite conjunctions on 25 July allow us to study the temporal behaviour of the convection channel events. Thus, the flow channel variant we study here is that which appears on the dusk side of the polar cap in the Northern Hemisphere during IMF B y < 0 conditions (NH-dusk/B y < 0). We note that during the interval of our observations on 25 July, when the clock angle of the ICME magnetic field changed slowly within the range 135-150 • and |B z /B y | > 1 (see Fig. 6 ), flow channel FC 2 was observed on both sides (at different times) of the polar cap. Thus, FC 2 is identified on the dusk side in the 10:44 UT pass while it is seen on the dawn side in the 12:27 UT pass of satellite F13 (see Fig. 9 ). The full documentation of the dual mode (dawn+dusk) of FC 2 during intervals of strongly south (B z -dominated) IMF orientation is the topic of a separate paper in preparation. In the present study we shall focus on the dusk-side events where the ground-satellite conjunctions occurred.
In case 1 (10 January) we identify the ground magnetic signature of a NH-dusk/B y < 0 flow channel detected by SuperDARN radars when the flow enhancements were "directly driven" by southward turnings of the magnetic field in the ICME (see Fig. 3 ).
In case 2 (25 July) we documented the ion drift from satellite DMSP F13 corresponding to two different phases of two different ground magnetic deflection events as detected from three IMAGE chain stations on Svalbard covering the latitude range 74-76 • MLAT in the 12:00-18:00 MLT sector. This case is characterized by a series of magnetic deflection/convection events appearing during a long (several hours) interval of quasi-steady ICME magnetic field. This is the "spontaneous response".
The ground-satellite conjunction at 10:43 UT occurred in the maximum phase of a magnetic deflection event (marked by vertical guideline in Fig. 7) . The satellite data for this case show all the classical elements of the FC 2 flow channel of type NH-dusk/B y < 0: (i) antisunward convection maximizing at a speed (1.2 km/s) above the level of ion drift in the central polar cap, as detected by DMSP F13 in the 71 • /16.5-76 • /15 MLAT/MLT sector within which the potential drop is 35 kV (25% of the total cross polar cap potential (CPCP) as inferred from the along the track E-field component integrated along the track), (ii) the flow channel is observed in the regime of polar rain precipitation, poleward of the poleward boundary of plasma sheet precipitation (regime 2 in Fig. 10 ), (iii) the flow channel is associated with a system of downward (C1) and upward-directed (C2) Birkeland currents located poleward of the traditional R1-R2 currents (regimes 2 and 3 in Fig. 10) .
The good correlation observed between the parameters V HORZ and B z in this case (Fig. 10) confirms the current continuity relation j || = − P ∇E (Smiddy et al., 1980) . This demonstrates that flow channel FC 2 is formed by the ionospheric Pedersen current closure of Birkeland currents C1-C2. The C1-C2 Birkeland current configurations corresponding to the different FC 2 flow channels appearing during IMF B y < 0 conditions are indicated in Sandholt et al. (2010) .
The ground-satellite conjunction at 12:24 UT occurred in the recovery phase of a magnetic deflection event (see Fig. 7 ). The satellite data for this case show the total absence of flow channel FC 2. Correspondingly, only a background convection at a speed of ∼0.3 km/s is recorded at this time (see Fig. 11 ).
From these two ground-satellite conjunctions we conclude that the ion drift in flow channel FC 2 increases and decreases in concert with the H-component deflections recorded on the ground underneath the ionospheric flow. This is reasonable since the magnetic deflection reflects the ionospheric Hall current (Fukushima, 1969) driven by the ionospheric E-field (J H = H B × E/B). In this case the ionospheric conductivity in the polar cap is due to ionization by sunlight (sunlit ionosphere). The ground magnetic deflections are recorded from polar cap stations (HOR-LYR-NAL) in the 74-76 • MLAT range while the poleward boundary of plasma sheet precipitation is identified at 66.5 • MLAT in the 12:22-12:24 UT case.
We conclude that in the 25 July 2004 case the ion drift in flow channel FC 2 (NH-dusk/B y < 0) is pulsed in a similar way as the ground magnetic deflection events. The ion drift (E-field) variability is directly observed from DMSP F13 in our case: V i FC 2 (10:40 UT) = 1.2 km/s; V i FC 2 (12:24 UT) = 0.3 km/s. These two times correspond to the increasing and decreasing phases of two different magnetic deflection (Hall current) events in the event series on 25 July 2004. Based on the assumption that the sharp onset of the Hcomponent deflection at 12:13 UT is driven by an ion drift enhancement (compare case 1) and the observed recovery from 12:23 UT (when a slow background ion drift of 0.3 km/s was observed), we infer the duration of the convection event to be ∼10 min. This event duration seems to be typical of the 25 July event series. From the ground magnetic data and the satellite ion drift observations we infer these convection enhancements to be superimposed on a quasi-steady background convection pattern.
The 5-10-min-long FC 2 convection channel events documented here and in Sandholt et al. (2010) are attributed to momentum transfer from the high-latitude and flank boundary layers, on the downstream side of the cusp, via the C1-C2 Birkeland currents (see regimes 2 and 3 in Fig. 10 ), associated with flux transfer events. These convection events represent an important spatial-temporal structure of solar wind-magnetosphere-ionosphere coupling which is not included in present large statistical studies (Ruohoniemi and Greenwald, 2005) and in conceptual models (Cowley and Lockwood, 1992) of plasma convection which generally emphasize newly-opened magnetic field lines as agents of momentum and energy transfer to the ionsophere. During B ydominated (|B y /B z | > 1) IMF conditions (see our 10 January case) the FC 2 flow feature contributes to enhancing the dawn-dusk convection asymmetry in the antisunward direction (beyond the cusp region). During B z -dominated (|B y /B z | < 1) IMF conditions (see our 25 July case) the antisunward flow speeds are enhanced at both the dawn and dusk side boundaries of the polar cap with respect to the flow observed in the central polar cap (see Fig. 10 ). The duration of the ionospheric flow events documented here is near the lower limit of previous estimates of the duration of dayside flow events, extending from 5 to 25 min Greenwald et al., 1999) .
Finally we make a brief comment on the importance of the FC 2 flow channel feature by placing it in the context of solar wind -magnetosphere -ionosphere coupling. Figure 12 illustrates the FC 2 current loop consisting of C1-C2 Birkeland currents (the HCC-LCC currents of Taguchi et al., 1993) with their ionospheric Pedersen current closure and the connection to the cusp dynamo current at high altitudes (on the downstream side of the cusp). The FC 2 current loop is placed in the context of the R1-R2 Birkeland currents with their closure currents in the magnetosphere (ring current and cusp dynamo current) and ionosphere, as described by Tanaka et al. (2010) (see their Fig. 20) . The associated eastward-and westward-directed ionospheric electrojet currents on the western (EEJ) and eastern (WEJ) sides of the Harang discontinuity are also marked. The FC 2 current loop we added to the Tanaka et al. system is similar to the Southwood (1987) type of current system. The difference is the context of application. While the Southwood (1987) system was applied to momentum transfer on "newly open" field lines (flow channel FC 1; pulsed ionospheric flows; PIFs), our FC 2 current loop is applied in the regime of "old open" field lines (embedded in polar rain precipitation) on the downstream side of the cusp. Thus, FC 2 is a manifestation of effective momentum transfer in a later stage of the evolution of open magnetic flux (time since reconnection ∼10-20 min) in the convection cycle (see Fig. 1 ). The transition between the two phases in this evolution (FC 1-FC 2 activations) is illustrated by the magnetic signatures (positive-negative H-deflections) shown in Figs. 3 and 7. Schematic illustration of current loops in the magnetosphere-ionosophere system adapted after Tanaka et al. (2010) . Birkeland current systems (R1-R2 and C1-C2), magnetospheric ring current (RC), cusp dynamo current, and ionospheric closure currents have been marked. The FC 2 current loop (cusp dynamo current -C1-C2 Birkeland currents -ionospheric Pedersen current) is the topic of this paper. The perspective is from the magnetotail towards the Earth (circle). The auroral oval boundaries are marked by the two dashed curved lines. See text for details.
In this article we documented the temporal behaviour (pulsed nature) of the FC 2 current loop via the observation of the ground magnetic signature of the ionospheric Hall currents relating to flow channel FC 2. The FC 2 ion drift and the C1-C2 Birkeland currents were documented by data from spacecraft DMSP F13.
